The mouse Etl1 gene encodes a nuclear protein belonging to the rapidly growing SNF2/SWI2 family. Members of this family are related to helicases and nucleic-acid-dependent ATPases and have functions in essential cellular processes such as transcriptional regulation, maintenance of chromosome stability and various aspects of DNA repair. The ETL1 protein is expressed from the two-cell stage onwards, throughout embryogenesis in a dynamic pattern with particularly high levels in the thymus, epithelia and the nervous system and in most adult tissues. As a ®rst step to address the role of ETL1 in cells and during development, we inactivated the gene by homologous recombination. ES cells and mice lacking detectable ETL1 protein were viable, indicating that ETL1 is not essential for cell survival or for embryonic development. However, mutant mice showed retarded growth, peri/post natal lethality, reduced fertility and various defects in the sternum and vertebral column. Expressivity and penetrance of all observed phenotypes were in¯uenced by the genetic background.
Introduction
The mouse Etl1 (enhancer-trap-locus 1) gene encodes a nuclear protein Schoor et al., 1993) belonging to the rapidly growing SNF2/SWI2 family. Members of this family are characterized by a domain of approximately 400 amino acids related to nucleic-aciddependent ATPases and helicases (Eisen et al., 1995) . Based on phylogenetic data and sequence similarities, members of the SNF2/SWI2 family can be subdivided into distinct subfamilies of proteins with proposed similar functions and activities (Eisen et al., 1995) . Known functions include participation in transcriptional control, various types of DNA repair, cell cycle control and mitotic chromosome segregation (reviewed in Carlson and Laurent, 1994) . It has been speculated that a common property of members of this family is to utilize ATP hydrolysis to dissociate protein-DNA complexes (Auble et al., 1994; Auble et al., 1997) . The founding member of this protein family, SNF2/ SWI2, is part of a large multimeric complex in yeast that plays a key role in the regulation of transcription by remodeling chromatin structure (for reviews see: Peterson and Tamkun, 1995; Peterson, 1996) . In Drosophila, the SNF2 homologue Brm (Kennison and Tamkun, 1988; is required for the transcriptional activation of multiple homeotic genes of the Antennapedia and bithorax complexes , and of other genes including the segmentation gene engrailed (Brizuela et al., 1994) .
Mammalian Brm homologues include mBRG1 (Randazzo et al., 1994) and mBRM (Muchardt and Yaniv, 1993) in mouse as well as hBRG1 (Khavari et al., 1993) and hBRM in human (Muchardt and Yaniv, 1993) . These proteins are components of two distinct multimeric complexes that enhance the transcriptional activation exerted by nuclear steroid hormone receptors (Khavari et al., 1993; Muchardt and Yaniv, 1993; Chiba et al., 1994; Ichinose et al., 1997) , and interact with the retinoblastoma protein (Dunaief et al., 1994; Singh et al., 1995; Trouche et al., 1997) . In addition, mBRG1 has recently been shown to be essential for the viability of F9 embryonic carcinoma cells (Sumi-Ichinose et al., 1997) . Mice carrying mutations in the mBRM gene develop normally. However absence of mBRM leads to altered control of cellular proliferation in vitro and in vivo (Reyes et al., 1998) . Other mammalian SNF2/SWI2 family members include CHD-1, ERCC6 and the human and mouse homologues of RAD54, respectively (Kanaar et al., 1996) . CHD-1 contains, in addition to the helicase domain, a chromodomain and a DNA-binding region (Delmas et al., 1993) . ERCC6 is required for the preferential repair of lesions from the transcribed DNA strand and mutations in ERCC6 cause Cockayne's syndrome which is characterized by hypersensitivity to ultraviolet light, growth retardation and neurological degenerations (Troelstra et al., 1992) . Disruption of mouse RAD54 increases the susceptibility to ionizing radiation and reduces homologous recombination, consistent with a defect in double strand DNA break repair (Essers et al., 1997) .
Etl1 was one of the ®rst identi®ed mammalian members of the SNF2 family (Korn et al., 1992; Soininen et al., 1992) . The ETL1 protein is localized in the nucleus and is expressed in a complex pattern throughout embryogenesis. During preimplantation development, ETL1 expression shows a transient surge at the two-cell stage, coinciding with the activation of the embryonic genome. In blastocysts, when the ®rst differentiation in extra-embryonic and embryonic cell lineages becomes evident, high levels of ETL1 are present in inner cell mass cells giving rise to the embryo proper, whereas trophectoderm cells contain low levels. ETL1 is expressed ubiquitously in the embryo during gastrulation, and is differentially expressed at later stages with highest levels in the developing CNS, thymus and epithelia Schoor et al., 1993) . Postnatally, ETL1 is expressed at lower and more variable levels in virtually all tissues (Schoor and Gossler, unpublished data) .
As a ®rst step in analyzing the function of ETL1, we generated by homologous recombination, ES cells and mice lacking the ETL1 protein. Homozygous mutant ES cells were viable and showed no obvious defects in morphology, proliferation and sensitivity to UV and gradiation. Homozygous mutant mice were growth retarded and showed a decreased postnatal viability as well as impaired fertility. Abnormalities of the sternum and vertebral column were detected that represented dysplasias rather then homeotic transformations. Expressivity and penetrance of all phenotypes were in¯uenced by the genetic background. In isogenic 129Sv
Pas mice lacking ETL1, the thoracic volume was greatly reduced, which might lead to respiratory failure and the high incidence of perinatal lethality observed on this genetic background.
Results

Targeted mutagenesis of Etl1
The expression of ETL1 from the earliest stage of development (Schoor et al., 1993) as well as in ES cells and in all other established mammalian cell lines analyzed so far (Schoor and Gossler, unpublished data) , suggested that ETL1 might be required for cell viability. To test this possibility in vitro, both copies of Etl1 were consecutively mutated in ES cells by homologous recombination using two different targeting vectors (Fig. 1A,B) . In both targeting vectors, a promoterless selectable marker was fused in frame to the Etl1 coding sequence immediately downstream of the ®rst ATG, to make use of the strong Etl1 expression in ES cells. In the ®rst targeting construct, most of the second exon of Etl1 was replaced by a bifunctional lacZ-neo fusion gene (leo) (Schuster-Gossler et al., 1994) (Fig. 1A) , and in the second targeting vector by the hygromycinB phosphotransferase (hyg) gene (Fig. 1B) . Both constructs disrupt the Etl1 coding sequence directly after the ATG, and thus preclude the generation of any fulllength ETL1 protein. After electroporation of the Etl1-leo construct, seven correctly targeted clones were detected among 225 G418 resistant clones by Southern Blot hybridizations with Etl1 probes outside the targeting vector (Fig.  1C ). These ES cell clones expressed an ETL1-LEO fusion protein of the expected size (Fig. 2B ) that gave rise to G418 resistance and functional b-galactosidase (data not shown). We refer to this mutant allele as Etl1 leo . The Etl1-hyg targeting construct was introduced into two independent heterozygous mutant clones carrying the Etl1 leo allele. In two out of 48 hygromycin resistant clones, the Etl1 leo allele was remutated and replaced by the Etl1-hyg construct (Fig. 1C) . We refer to this allele as Etl1 hyg . After double selection with G418 and hygromycin, four out of 134 resistant clones carried both correctly targeted Etl1 alleles (Fig. 1C) . Homozygous mutant ES cell lines (Etl1 leo/hyg ) were indistinguishable from heterozygous or wildtype ES cells in their morphology and proliferation rates as well as in their sensitivity to g-or UV-irradiation (data not shown).
To test whether the introduced mutations are indeed null alleles and thus abolished expression of the ETL1 protein, Etl1 leo/hyg cells were analyzed by immuno¯uorescence and Western blotting with af®nity puri®ed polyclonal antibodies raised against part of the ETL1 protein carboxyterminal to the introduced deletions (Schoor et al., 1993) . ETL1 was present in the nuclei of wildtype and heterozygous Etl1 leo ES cells but undetectable in Etl1 leo/hyg cells ( Fig. 2A) . In Western blots, anti-ETL1 antibodies detected a characteristic pattern of polypeptides (Schoor et al., 1993) in lysates of wildtype and heterozygous Etl1 leo or Etl1 hyg ES cells (Fig.  2B ). All immunoreactive polypeptides were absent in lysates from Etl1 leo/hyg cells (Fig. 2B) , whereas the anti-bgalactosidase antibodies detected the ETL1-LEO fusion protein in the same lysate (Fig. 2B) . These results demonstrate that: (i) both mutated alleles prevent expression of detectable amounts of the ETL1 protein and thus represent true null alleles; (ii) all polypeptides detected by the polyclonal anti-ETL1 antibodies are derived from the Etl1 gene, most likely representing posttranslationally modi®ed and proteolytic fragments of the full length protein; and (iii) ETL1 function is not essential for ES cell viability and proliferation.
Generation and analysis of Etl1 mutant mice
Two independent heterozygous Etl1 leo ES cell lines were introduced into the mouse germ line by blastocyst injection, and mice carrying the Etl1 leo allele were established on a mixed C57BL/6,129Sv Pas , and on the isogenic 129Sv Pas genetic backgrounds, respectively. Heterozygous Etl1 leo/1 mice on both genetic backgrounds appeared phenotypically normal and were interbred. These matings gave rise to homozygous mutants on both genetic backgrounds (Fig.  1D) . The absence of detectable amounts of ETL1 in various tissues of mutant Etl1 leo/leo mice was con®rmed by immunohistochemistry and Western blot analysis of cell lysates (data not shown), demonstrating that ETL1 is not essential for apparently normal embryo development and survival. However, most homozygous mutants on both genetic backgrounds were smaller than their heterozygous and wildtype litter mates. The reduced size was apparent at late fetal stages and in newborns (not shown), and persisted through the postnatal growth period, resulting in an approximately 25% reduction in total body weight of Etl1 leo/leo mice at 5 weeks of age (Fig. 3) .
Whereas Etl1 leo/leo homozygotes were present at a normal Mendalian ratio on gestational day 18 and day 1 after birth, signi®cantly fewer homozygous mutants than expected were found after weaning on both genetic backgrounds (Table 1) . To analyze when ETL1-de®cient mice die, homozygous mutants on the mixed genetic background were intercrossed, and the survival of the offspring was monitored after birth. All offspring from these matings were homozygous mutants, eliminating potential competition effects that might occur in litters from heterozygous matings containing also heterozygous and wildtype siblings. From 87 born homozygous mutants, 13 died during the 1st day post partum (pp), 19 more during the 1st week, and additional 13 during the subsequent 2 weeks, resulting in a total loss of 52% of homozygous mutants in the ®rst 5 weeks. In contrast, none of the 34 wildtype newborns on a similar mixed genetic background (C57BL/6x129Sv
Ola )F1 died in the ®rst 5 weeks after birth. On the isogenic background, many homozygotes were stillborn or died within the ®rst 12 h after birth (Table 1 , and data not shown). These offspring were obtained from heterozygous matings because isogenic homozygous mutants had a very low fecundity (see below). Autopsy of homozygous mutants revealed, in a subset of these mice, various abnormalities such as hypertrophy of the heart, gastro-intestinal tumors or a rudimentary appendix (data not shown). However, no consistent cause for the postnatal mortality could be identi®ed. To test whether immunological defects caused by aberrant lymphocyte development contribute to the observed mortality, we analyzed lymphoid organs and the composition of B and T-cells. The size and cellularity of thymi, lymph nodes and spleens of homozygous mutant, heterozygous, and wildtype mice were indistinguishable. Similarly, multiparameter ow¯uorimetric analysis of thymocytes and lymph node cells using lymphocyte lineage speci®c T-cell surface markers (CD31, CD4 and CD8) and B lymphocyte markers (Ig and CD45R) failed to reveal any qualitative or quantitative differences between mutant and wildtype mice (not shown).
On the mixed genetic background, intercrosses of homozygous mutants gave rise to offspring in the majority of cases. However, the number of progeny was reduced (average litter size 4.2 in 15 litters) compared to intercrosses of heterozygous Etl1 mice (average litter size seven in 15 litters; P , 0:001). To address whether the reduced fertility could be attributed speci®cally to males or females, homozygous mutants of either sex were mated to wildtype mice over a period of several months. Eight out of eight homozygous mutant males and ten out of 13 homozygous mutant females were fertile and gave rise to progeny. The average number of offspring per litter derived from matings between homozygous mutant males with wildtype females was similar to control matings between heterozygous mutants. In Table 1 Genotypes of offspring obtained from matings between heterozygous Etl1 mutants on the mixed and isogenic background. Chi square values 15 and 24, respectively; 2 d.f.; P , 0:001 contrast, the average litter size obtained from homozygous females mated with wildtype males was reduced (average litter size 3.9 in nine litters; P , 0:01; Table 2 ). On the isogenic 129Sv Pas genetic background, matings between homozygous mutants resulted only in four litters with one or two pups, and all offspring were stillborn or died within the 1st day after birth. Test matings of homozygous mutants with wildtype or heterozygous mice showed that only 60% (eight out of 13) of the males and 26% (four out of 15) females gave rise to progeny. To identify a potential cause for the reproductive defect(s), we analyzed the reproductive tract and gonads of both fertile and infertile mutants of both sexes on both genetic backgrounds. In some fertile as well as infertile females, the number of oocytes was reduced (data not shown). However, no gross morphological abnormalities or histopathological changes that could account for reduced litter size or infertility of individual males or females were detected.
Skeletal dysmorphologies in Etl1 mutant mice
To address whether the loss of ETL1 function might lead to patterning defects similar to the brm mutation in Drosophila, we analyzed skeletal preparations from ETL1-de®-cient mice. On the mixed background, various skeletal abnormalities were found in a subset of the heterozygous and homozygous mutants, but not in the wildtype controls ( Table 3 ), suggesting that the reduction or loss of ETL1 causes skeletal dysplasias with incomplete penetrance and variable expressivity. In wildtype newborns, seven pairs of ribs are fused bilateral symmetrically to the sternum dividing it into the manubrium, four clearly detectable sternebrae and xiphoid process. In three of the 35 analyzed Etl1 leo/1 mice, the eighth rib was also fused unilaterally to the sternum (Fig. 4A) , while the overall number of ribs was unaltered. This phenotype was not found in homozygous mutant animals. However, in three out of the 17 analyzed Etl1 leo/leo mice, the thoracic ribs were fused asymmetrically in an alternating manner to the sternum (Fig. 4B,C) . In addition, the sternebrae were incompletely ossi®ed in these mice (arrowheads in Fig. 4B,C) , and the most severely affected animal also exhibited fusions between the tenth and 11th rib, and the fourth and ®fth lumbar vertebra, respectively (data not shown).
All observed phenotypes show incomplete penetrance on the mixed background. To evaluate effects of the genetic background on the skeletal phenotypes, skeletal preparations from 14 wildtype, 16 Etl1 leo/1 and ten Etl1 leo/leo newborns or stillborns on the 129Sv background were analyzed. On this genetic background, skeletal defects of the sternum and vertebral column were different from the mixed background. All 10 Etl1 leo/leo mice had a drastically shortened sternum (Fig. 4E,G) and the xiphoid process was split or bi®d (arrowhead in Fig. 4E ), whereas it was fused in all analyzed wildtype animals and in 14/15 heterozygous animals (arrowhead in Fig. 4D ). The ribs were shortened and connected to the sternum rectangularly (Fig. 4E ) in contrast to the normally acute-angled connections (Fig.  4D) . In addition, the curvature of the vertebral column was obviously altered in half of the homozygous mutants. The thoracic kyphosis was absent in ®ve newborns and two animals also lacked the cervical lordosis (compare Fig.  4F,G) . The missing curvature of the vertebral column together with the shortening of the sternum and ribs resulted in a strongly reduced size of the thorax, as measured by the distance between the xiphoid process and the seventh (XT7) or 13th thoracic vertebra (XT13), respectively ( Fig. 4F,G ; Table 4 ). The different skeletal alterations that were observed in mutants on the mixed genetic background and on the isogenic 129Sv ETL1 background, suggest that the Etl1 mutation is strongly modi®ed by the genetic background.
Discussion
ETL1 was identi®ed as one of the ®rst mammalian members of the SNF2/SWI2 family of proteins (Korn et al., 1992; Soininen et al., 1992; Schoor et al., 1993) . These proteins share a domain with similarities to helicases and nucleic-acid-dependent ATPase, and are involved in various basic cellular functions such as DNA repair, cellcycle control and transcriptional regulation (reviewed in Carlson and Laurent, 1994) . Based on molecular phylogenetic analysis, the SNF2/SWI2 family has been subdivided into distinct subfamilies, and it has been proposed that functions are conserved within, but not among, subfamilies (Eisen et al., 1995) . ETL1 forms a distinct subgroup together with the yeast protein FUN30 (Clark et al., 1992) . Besides the helicase-related SNF2 domain, ETL1 Fig. 4 . Skeletal dysplasias in Etl1 mutant newborns. Unilateral fusion of the eighth rib to the sternum in a Etl1 leo/1 mouse (A), and asymmetrical fusions of the ribs to the sternum in homozygous Etl1 mutant mice (B,C) on the mixed 129Sv/C57BL/6 genetic background. Frontal views of dissected sternums of 129Sv wildtype (D) and isogenic Etl1 leo/leo (E) mice. Note the strongly reduced length of the sternum and the split xiphoid process (arrowhead) in (E). Lateral view of the rib cage of a 129Sv wildtype (F) and an isogenic Etl1 leo/leo littermate (G). Note the absence of the curvature of the vertebral column and the reduced size of the ribcage in (G), as measured by the distance from the xiphoid process to the seventh (XT7) and 13th (XT13) thoracic vertebra. contains additional short stretches of signi®cant homology (26±38% identity, 40±61% similarity) to the SNF2 subfamily of CHD proteins in¯y (Stokes and Perry, 1995) , chick (Grif®ths and Korn, 1997) mouse (Delmas et al., 1993) and man (Woodage et al., 1997) . However, this homology is outside of the chromo-and DNA-binding domains and no speci®c functions have as yet been assigned to these conserved regions. Thus, although the amino acid sequence clearly identi®es ETL1 as a SNF2 family member, it does not provide clues as to its speci®c biological function. The early and widespread expression of ETL1 in the developing embryo Schoor et al., 1993) , as well as in ES cells and all other established cell lines (n 12) analyzed thus far (Schoor and Gossler, unpublished data) , is consistent with potential roles for ETL1 in basic cellular functions potentially affecting development. However, the expression does not point to a particular developmental stage or process that might require this function.
As a ®rst step to identify and analyze potential function(s) of ETL1 in cells and during development, the Etl1 gene was inactivated by homologous recombination. Our analysis of homozygous mutant ES cells demonstrates that ETL1 function is dispensable for cell proliferation and viability. These results indicate that ETL1 is not an essential component of the basal transcription machinery, or critical for cell-cycle progression in ES cells. This is in contrast to the related SNF2b-BRG1, which is required for the survival of F9 EC cells (Sumi-Ichinose et al., 1997) , and to SNFamBRM, which is required for cell cycle arrest in the G 0 / G 1 phase in response to cell con¯uency or UV radiation (Reyes et al., 1998) . Some SNF2 family members have been implicated in DNA repair, and ES cells lacking mHR54 show reduced resistance to ionizing radiation (Essers et al., 1997) . However, homozygous mutant Etl1 ES cells showed no differences in their survival rates after treatment with g-or UV-radiation as compared to heterozygous and wildtype controls (data not shown), suggesting that ETL1 is not essential for double strand break repair or excision repair of pyrimidine dimers. However, this does not rule out a requirement for ETL1 in cellular responses to other DNA damaging agents. This result also suggests that members of the proposed SNF2/SWI2 subfamilies (Eisen et al., 1995) do not necessarily share identical function(s), because the only other known member of the ETL1 subfamily, the yeast protein FUN30, has been implicated in mediating cellular responses to UV radiation (Barton and Kaback, 1994) .
The loss of ETL1 in mice caused a speci®c set of defects, that occurred with variable expressivity and incomplete penetrance, depending on the genetic background. These variations are unlikely due to residual ETL1 activity because: (i) the protein was disrupted immediately after the ®rst ATG; and (ii) no ETL1 protein was detected in homozygous mutant cells, embryos or adult tissues. From heterozygous intercrosses the expected number of homozygous mutant embryos were found shortly before and after birth. However, on both genetic backgrounds analyzed, the lack of ETL1 affected body weight and viability, as well as fertility, but no consistent pathological alterations could be associated with these phenotypes.
In Drosophila, the maintenance of homeotic (HOM-C) gene expression is controlled by two antagonistic groups of genes, the Polycomb group (Pc-G) and the trithorax group (Trx-G) (Paro, 1990; Kennison and Tamkun, 1992; Kennison, 1993) . Mutations in Pc-G and Trx-G genes lead to deregulated maintenance of homeotic gene expression and thus to homeotic transformations (Paro, 1990; Tamkun et al., 1992; Brizuela et al., 1994) . This regulatory interaction is evolutionary well-conserved, since mutations in mouse homologues of Pc-G and Trx-G genes also lead to deregulated Hox gene expression resulting in homeotic transformations of the axial skeleton (van der Lugt et al., 1994; Yu et al., 1995; Akasaka et al., 1996; van der Lugt et al., 1996; Core et al., 1997) . Since Etl1 has sequence similarity with brm , a Drosophila Trx-G gene implicated in maintenance of HOM-C expression Brizuela et al., 1994; Elfring et al., 1998) , it appeared possible that ETL1 could also be required for Hox gene regulation, and that the loss of ETL1 function might cause defects of the vertebral column and ribs consistent with such a role. Although the fusion of the eighth rib to the sternum in heterozygous mutants could be regarded as homeotic transformation, the normal position of other axial markers is not consistent with this view. In addition, the absence of homeotic transformations in homozygous Etl1 mutants does not support a function for ETL1 in maintaining Hox gene expression early during development, when the identity of vertebrae is determined (Kieny et al., 1972; Chevallier et al., 1977) . In Drosophila, brm was isolated as a suppressor for homeotic transformations caused by polycomb mutations (Kennison and Tamkun, 1988; . The inactivation of Etl1 will now allow for testing whether the loss of ETL1 function can modulate the phenotypes of mouse polycomb homologues bmi1, mel18 and M33, that also lead to posterior homeotic transformations (van der Lugt et al., 1994; Akasaka et al., 1996; Core et al., 1997) .
The sternum phenotype of Etl1 mutant mice demonstrates that Etl1 function is required later for normal skeletal development. Whereas the ribs and vertebra derive from the paraxial mesoderm, the sternum develops late in organogenesis from derivatives of the lateral mesoderm. At embryonic day 12, the lateral mesoderm gives rise to a pair of condensations between the clavicle and the ®rst rib pair. During the next 2 days, these condensations extend caudally and form the sternal bands on each side of the heart. These bands gradually move together and differentiate into hyaline cartilage. The growth of ribs and sternal band are initially independent from each other. The ®rst pair of ribs fuses with the sternal bands on embryonic day 13. On day 14, seven pairs of ribs are in contact with the sternal bands which begin to fuse at their anterior end. By day 16, the sternal bands have fused along their entire anterior-posterior extent, and the posterior ends are joined and project beyond the attachment of the seventh rib as a well de®ned single xiphoid process. The ossi®cation of the intercostal regions of the sternum then gives rise to the sternebrae (Green and Green, 1942; Chen, 1952) . The asymmetrical alignment of the ribs to the sternum on the mixed background suggests that growth and/ or fusion of the sternal bands does not occur in a coordinated fashion in homozygous Etl1 mutants. This misalignment probably leads to the reduction of the ossi®cation of the sternebrae, since the rib tips prevent ossi®cation of the sternum (Chen, 1953) . The size reduction and split xiphoid process in isogenic homozygous mutants also suggest that growth and fusion of the sternal bands are impaired. Sternum defects similar to those in Etl1 mutants have been described for mice with mutated, or misexpressed Hox genes (e.g. Kaur et al., 1992; Pollock et al., 1992; Condie and Capecchi, 1993; Jeannotte et al., 1993; Ramirez-Solis et al., 1993; Horan et al., 1994; Suemori et al., 1995; Barrow and Capecchi, 1996) , in En1 mutants (Wurst et al., 1994) , and in mice lacking BMP5 (Green and Green, 1942; Kingsley, 1994) . Whether ETL1 interacts with any of these genes, and the molecular mechanism(s) by which ETL1 acts in sternum development, remains to be resolved. Approximately half of the Etl1 mutant newborns on the 129Sv background also lacked the normal curvature of the vertebral column, in particular the thoracic kyphosis. Together with the shortened sternum, this lead to a severely reduced thoracic size, which is likely to diminish the respiratory volume. Thus, respiratory distress might account for the high incidence of perinatal lethality seen on the 129Sv genetic background. This aspect of the Etl1 phenotype resembles the autosomal recessive Jeune syndrome in humans (asphyxiating thoracic dystrophy, ATD; OMIM accession number 208500) (Jeune et al., 1955) , which results in fatal neonatal outcome in most affected individuals.
The absence of an absolute requirement for ETL1 in ES cells and during development and the low penetrance and expressivity of the phenotype could indicate that other SNF2 family members can compensate in part for the loss of ETL1 function. At least four other SNF2 family members that show strong sequence homology to ETL1 have been isolated in the mouse: CHD1 (Delmas et al., 1993) , mHR54 (Kanaar et al., 1996) , mBRM (Muchardt and Yaniv, 1993) and mBRG1 (Randazzo et al., 1994) . The inactivation of mHR54 and mBRM have shown that both proteins are dispensable for embryonic development (Essers et al., 1997; Reyes et al., 1998) and no overlap was found with the phenotype of mice lacking ETL1 that could be indicative of potential common function(s). A subset of adult mBRM mutant mice show a moderate increase in body weight, most likely due to increased cell proliferation (Reyes et al., 1998) . This rather opposite phenotype, compared to the decreased body weight in Etl1 mutant mice, might argue against overlapping functions of ETL1 and mBRM. The absence of an apparent embryonic phenotype in mBRM de®cient mice has been speculated to be the result of a functional rescue by mBRG1 (Reyes et al., 1998) . Since the expression of mBRG1 throughout development in many cell types and tissues shows considerable overlap with Etl1 (Randazzo et al., 1994; LeGouy et al., 1998) , and mBRG1 contains all conserved protein motifs present in ETL1, it is conceivable that mBRG1 might also compensate for the loss of ETL1. However, the analysis whether the unexpected mild embryonic phenotypes observed after inactivation of mammalian SNF2 homologes can be accounted for by the compensation of other family members as mBRG1, has to await their inactivation in mice and the subsequent generation of compound mutants.
Material and methods
Construction of the vectors for homologous recombination
Two different vectors were constructed for consecutive homologous recombination at the Etl1 locus. To mark the mutated allele a lacZ-neo fusion (leo) that gives rise to a bifunctional b-Gal-neomycin-phosphotransferase fusion protein (Schuster-Gossler et al., 1994) was used. The vector Etl1-leo was constructed for the targeting of the ®rst allele. The selection/reporter cassette was cloned in the appropriate ORF immediately behind the putative translation initiation site. Brie¯y, a l clone containing the ®rst two exons of Etl1 was isolated from a genomic 129Sv library. A 474bp Asp700/HindIII fragment containing the endogenous ATG and a 819 bp XmaI ®ll in/ClaI fragment from the vector pLRlacZpA/MCIneopA (Ru Èpping, 1994) containing the 5 H end of the lacZ gene were ligated in the gene targeting vector pTFu (Schuster-Gossler et al., 1994) , in which the cfos splice acceptor and the 5 H end of the lacZ gene was removed by HindIII/ClaI digestion. This results in a fusion of the leo gene 4 nucleotides behind the endogenous ATG, maintaining the ORF. The transition between Etl1 and lacZ was veri®ed by sequencing analysis. A129Sv genomic 6 kb HindIII ®ll in fragment was fused in a XbaI ®ll in site in the polylinker downstream of the leo gene as 3 H arm and a 7 kb HindIII fragment was fused at the HindIII site as 5 H arm of the construct (Fig. 1A) .
The vector Etl1-hyg was used for the consecutive mutation of the second Etl1 allele. The vector pHAhygpA was constructed from the vectors pHA56 and pHA58 (te Riele et al., 1990) . This vector contains the promoterless hygromycin phosphotransferase (hygb) gene followed by the PGK poly A sequence. From this vector, the hygb pA cassette was excised by SacI and HindIII digests and the ends were ®lled in by T4 ligase. The hygb pA cassette was ligated in the vector Etl1-leo in which the leo cassette was removed by BamHI digestion and subsequent ®ll-in reaction. This vector contains the hygBpA gene in the appropriate ORF 13 nucleotides behind the putative ATG (Fig 1B) .
ES cell culture
D3 ES cells were maintained as described previously (Gossler et al., 1989) . The different constructs were introduced in D3 ES cells by electroporation. 1 £ 10 7 ES cells were electroporated with 10 mg of each construct in a volume of 0.8 ml PBS using a Bio-Rad gene pulser set at 500 mF/240 V. Cells were immediately plated on ten gelatinized 100 mm dishes and were cultured in BRL conditioned LIF media (30% BRL, 15% FCS, 1/10000 LIF). Thirty-six to 48 h after electroporation, the transfected ES cells were selected with 300 mg/ml G418 and/or 150 mg/ml Hygromycin B on gelatinized plates without feeder cells in BRL/LIF media for 8±10 days. Antibiotic resistant cells were picked and were immediately split on 96 well master plates with feeder layer and gelatinized replica plates. On both plates, the ES cells were further expanded in ES media without selection. The master plates were frozen in ES cell media containing 20% FCS, 10% DMSO when sub con¯u-ent, whereas the replica plates were expanded to con¯uence and used for DNA preparation and restriction digest analysis essentially as described in Ramirez-Solis et al. (1993) .
Cell proliferation and survival assays
For comparing cell proliferation, 5 £ 10 6 Etl1 leo/1 and Etl1 leo/hyg ES cells, respectively, were plated in triplicates on 35 mm dishes containing mitomycin C-treated embryonic ®broblasts using ES cell medium supplemented with recombinant LIF. The medium was changed on the next day, and cells were washed, trypsinized and counted on the subsequent day. From these cell suspensions, 5 £ 10 6 ES were plated on fresh 35 mm dishes as above, and counted on the 2nd day after plating cell counts were obtained from four consecutive rounds of plating.
For the analysis of cell survival after UV and g-irradiation, 5 £ 10 6 Etl1 leo/1 and Etl1 leo/hyg ES cells, respectively, were plated in triplicates as single cell suspensions on gelatin-coated 35 mm dishes in six well plates in ES cell media supplemented with recombinant LIF. On the next day, cells were washed once with PBS and plates were UV-irradiated without PBS and lid using a Stratalinker (Stratagene) in the range of 0±100 J/m 2 and g-irradiated using a Cesium source in the range of 0±400 R/min. Medium was added back to the wells and the surviving colonies were counted after 8 days of culture.
Immunological methods
Western Blot analysis, immuno¯uorescence and immunohistochemistry on sections and whole embryos with the a-ETL1 and a-bGal antibodies were done as described previously (Schoor et al., 1993) .
Generation of transgenic mice
Chimeras were generated by injection of two independent targeted leo ES cell lines into C57BL/6 blastocysts that were subsequently transferred to (C57BL/6xBALBc)F1 pseudopregnant females. Germline chimeras were obtained and crossed to either C57BL/6 or to 129Sv females to establish the mutation on a mixed or isogenic background, respectively.
Skeletal preparation
Skeletons were prepared essentially as described by (Kessel and Gruss, 1991) . The skin and visceral organs were removed and the animals were ®xed for several days, ®rst in 100% ethanol and then in acetone at room temperature. Afterwards, the specimens were stained for 2±14 days in 0.15% alcian blue, 0.15% alizarin red, 5% acetic acid in ethanol at 378C and cleared in Glycerin/KOH solution. The skeletons were stored and photographed in glycerol.
Analysis of lymphopoietic cells
T and B cell surface differentiation markers were evaluated by multiparameter¯ow cytometry using conventional procedures and the following directly labeled antibodies as described (Christianson et al., 1997) : 145-2C11 anti-CD3e-FITC; 56-6.72 anti-CD8a-PE; GK1.5 anti-CD4-CY3; 53-6.7 anti-CD8a-PE; clone RA3-6B2 anti-CD45R/B220-PE, clone H1.2F3 anti-CD69 biotin/SA, and goat anti-mouse immunoglobulin (Ig), obtained from Pharmigen Inc. (San Diego CA) or prepared by The Jackson Laboratory Flow Cytometry Service. Viable cells were gated by propidium iodide exclusion, and analysis was performed using LYSIS II software on a Becton Dickenson FACScan (Becton Dickenson, Mountain View, CA).
